Trisodium nitrilotriacetate monohydrate was fed to male weanling Charles River rats for 28 days. Clinical evidence of urinary tract toxicity included hydronephrosis and nephromegaly. Microscopically, severe renal injury was recognized specifically as convoluted tubular cytoplasmic vacuolation and pelvic epithelial erosion. Hyperplasia occurred as a sequela to these specific cytotoxic alterations.
Nitrilotriacetic acid is an efficacious, non-mutagenic detergent builder that has been considered for use as a replacement for phosphates by major detergent manufacturers in the United States. The National Cancer Institute has shown that trisodium nitrilotriacetate monohydrate administered for an 18-month to two-year period is associated with toxicity and tumorigenicity in and restricted to rodent urinary tracts [7] . Long-term trisodium nitrilotriacetate experiments conducted by Procter & Gamble have used the Charles River rat [6] . Since 2.0% dietary trisodium nitrilotriacetate monohydrate has been established by the National Cancer Institute as a carcinogenic concentration for rats, this dose has been fed to Charles River rats in short-term (28-day) studies as part of an effort to establish the pathogenesis of urinary tract tumors associated with nitrilotriacetic acid treatment. In this report we describe the short-term effects of 2% dietary trisodium nitrilotriacetate monohydrate on the male rat kidney, and correlate these short-term effects with previously reported long-term events.
Materials and Methods
Ten weanling Charles River (Sprague-Dawley-derived) male rats from Charles River Breeding Laboratories were housed individually in stainless steel metabolism cages with wire mesh bottoms and urine and feces separators. Following a three-day acclimatization period during which all rats received ground Purina Laboratory Chow, they were assigned randomly to two equal groups. All rats had access ad libitum to distilled water and to either control diet (ground Purina Laboratory Chow) or control diet supplemented with 2.0% trisodium nitrilotriacetate monohydrate, the National Cancer Institute high dose, for four weeks. Weekly body weight and feed consumption records were maintained on all rats. Also, 24-hour urine samples were collected on days 5, 12, 19 and 26 of the study. Urine volumes were recorded and the 549 urines were assayed for protein, glucose and hemoglobin by the Multistix test (Ames Company, Elkhart, Ill.). The pH of all urines was measured to the nearest 0.1 pH unit with a pH meter. Urine was assayed also for nitrilotriacetic acid content by isotope dilution 141.
On day 28 of the study all the rats were anesthetized by ether inhalation, and both kidneys were examined in situ, excised, and weighed. A portion of each kidney, including the pelvic region, was placed in 10% neutral buffered formalin. Sections 5 pm thick were stained with hematoxylin and eosin (HE). A transverse section of the right kidney and a longitudinal section of the left kidney were evaluated microscopically. Consideration is restricted to the male rat kidney because in the National Cancer Institute's Bioassay at the high dose level. tubular tumors occurred at highest incidence in the male kidney. Also, transitional epithelial tumors of the pelvis occurred in the male at this dose. We selected the Charles River rat because this strain was used in previous trisodium nitrilotriacetate monohydrate experiments at our laboratory, giving us a significant background data base.
Results

Clinical findings
Clinical findings have been reported previously and correlated with urinary cation perturbations [2] . The growth and feed consumption data from this study are summarized in table I. Final mean body weight gain was 45% less, and feed conversion efficiency was markedly decreased, in the trisodium nitrilotriacetate group as compared to controls (table I) .
Urine analysis data for weeks 1 through 4 are presented in table 11. Relative urine volumes of principals (trisodium nitrilotriacetate-fed rats) did not differ from control values in urine collected during the first two weeks. The mean relative urine volume of principals during weeks 3 and 4 was more than twice that of controls (table 11). The urine pH of principals was elevated constantly from week I through week 4 (table 111). Hemoglobin was found by Multistix analysis in the urine of three of the five principals in week 1 (table 111). Reddish discoloration was grossly visible in the urines of all principals at week 2. Although Multistix-detectable hemoglobinuria was seen in the urines of all treated rats during weeks 2, 3, and 4, grossly visible discoloration subsided and was found in the urines of only two of the five principals in week 4. Microscopic examination of discolored urine showed many intact erythrocytes, which sedimented on standing. Hence, a positive Multistix test and red discoloration were considered specific evidence of hematuria. Crystals consisting of pure calcium sodium nitrilotriacetate occurred in voided urine from all principals [2] . No gross evidence of in vivo crystal formation was found at necrops. As the severity of clinical disease increased, the percentage of ingested nitrilotriacetic acid excreted in the urine increased. Despite a great decrease in feed consumption in severely affected principals, the urinary tract exposure to nitrilotriacetate was not decreased proportionately (table 111) . 
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Week: nephrosis did not occur in controls. Both absolute and relative kidney weight data, excluding pelvic fluid, and gross observations are summarized in table IV. The mean relative kidney weight of the principals was 2.5 times the mean relative weight of controls.
Histology
In the renal cortex, the primary histologic alteration associated with trisodium nitrilotriacetate treatment was cytoplasmic vacuolation of convoluted tubular epithelial cells ( fig. 2 ). These vacuoles were of various sizes, and were clear. The number of vacuoles per cell varied. Vacuolation, which classically is considered a degenerative change, occurred bilaterally in three treated rats and unilaterally in the two minimally affected rats. In more severely affected rats, additional evidence of convoluted tubular injury was granular degeneration and necrosis. The preferred site of vacuolation was the proximal convolutions of the nephrons.
Hyperplastic tubules of the "simple type" lined with a vacuolated epithelium also occurred, but slightly less frequently, based on percentage of cortical tubules involved, than tubules lined with an epithelium showing vacuolar degeneration. Hyperplastic and degenerative tubules with vacuolated cells were differentiated from one another by the comparative increase in the size of the hyperplastic tubules, caused by an increase in cell number, cell size, and lumen diameter ( fig. 3 ). In kidneys from three different treated rats, the hyperplastic response was exaggerated, resulting in the formation of hyperplastic tubular nodules ( fig. 4, 5) . Cross sections of hyperplastic tubular nodules were differentiated from cross sections of tubules undergoing simple tubular hyperplasia by tubular cross sectional diameter and cell numbers. Hyperplastic tubular nodules were over twice the diameter of adjacent uninvolved convoluted tubules and always were lined by over 20 cells in cross section. In a single focus with a hyperplastic tubular nodule, other tubules in cross section immediately adjacent to the nodule and presumably arising from the same nephron were degenerative or hyperplastic. If lumina were dilated in nodules, these nodules were designated as cystic ( fig. 5 ). Cells comprising the nodules were vacuolated.
Additional cortical histologic alterations occurring in treated rats were considered of secondary importance. The severity of these secondary changes was directly proportional to the degree of tubular injury. These cortical alterations also occurred spontaneously in control rats, though less severely than in treated rats. Secondary or spontaneous alterations included: cortical interstitial lymphocytic/fibrocytic inflammation; nephron atrophy; proteinuria; dilated tubules; glomerular disease characterized by fibrosis of the parietal layer of Bowman's membrane; and simple hyperplasia of tubules lined by cells increased in number and size, with basophilic cytoplasm.
Considering only convoluted tubules lined by vacuolated epithelium in degenerative and hyperplastic nephrons, renal cortex was severely affected in one rat (over 50% of the cortical parenchyma was altered morphologically). Moderate renal cortical disease occurred in one rat: 10% to 50% of the parenchyma was altered. A third rat had severe disease in one kidney and mild disease (1% to 10% of parenchyma altered) in the other. Kidneys from the other two rats were slightly (<1% parenchymal alteration) to mildly altered. There were no consistent differences in severity between left and right kidney.
The predominant alteration in the renal pelvis was erosion of the transitional epithelium in every treated rat ( fig. 6 ). In two rats, erosion had progressed to ulceration ( fig. 7 ). Sequelae to the epithelial erosion and ulceration were epithelial and subepithelial neutrophil infiltration, hemorrhage, fibrosis, and epithelial hyperplasia. Inflammatory and proliferative disease of the renal medulla was secondary to pelvic epithelial inflammation. In moderately severe hydronephrotic kidneys, dilation of collection ducts occurred in the medulla as well as in the cortex.
Nephrocalcinosis occurred in all anatomic parts of the kidney. Typical spontaneous calcospherules occurred intraluminally in tubules near the corticomedullary junction in control rats. There were two types of trisodium nitrilotriacetate-associated mineralization in the kidney. Intracellular mineralization occurred in granular form in convoluted tubular epithelium, associated with cellular degeneration and necrosis. Mineralization also occurred diffusely in subepithelial location in the renal papillae of two rats.
Correlation of renal toxicity
Major quantifiable clinicopathologic findings are listed in table V to correlate clinical evidence of systemic and renal disease with postmortem evidence of renal disease. The decreased body weight gain and feed conversion efficiency were directly proportional to the severity of renal enlargement, convoluted tubular epithelial cell vacuolation, and hydronephrosis.
Discussion
Our results indicate that clinical evidence of urinary tract toxicity develops rapidly in the Charles River male rat fed 2% trisodium nitrilotriacetate monohydrate. Hematuria and alkalinuria develop within the first week of treatment. Hematuria can be causally associated with renal pelvic transitional epithelia1 erosions or ulcers or both. Alkalinuria presumably represents the pH effect of high sodium concentration in the urine [l]. Polyuria occurs with urine of nearly normal specific gravity, presumably representing the influence of a heavy systemic solute load rather than a compensation for loss of renal concentrating capacity [ 11.
Nephrotoxicity occurred in all rats treated for 28 days, as evidenced by renal enlargement and hydronephrosis. No physical obstruction of urine outflow was found at necropsy. We hypothesize that hydronephrosis may occur because of exacerbated ureteral reflux associated with trisodium nitrilotriacetate-induced poly- uria. The following facts support this hypothesis: We can demonstrate spontaneous reflux in Charles River rats; ureteral reflux in man, dog, and rat can induce renal pelvic dilation [3] ; and equivalent loads of nitrilotriacetic acid do not induce polyuria or hydronephrosis [2] . The severity of renal enlargement corresponded closely with histologic renal cortical changes, specifically vacuolation of the convoluted tubular epithelium. The vacuolation represents hydropic swelling of the endocytotic/lysoso-ma1 system [J. Merski, personal communication], and is not dependent on renal pelvic dilation and pelvic epithelial injury. Cell vacuolation represents sublethal injury in that affected tubules undergo compensatory hypertrophy/hyperplasia contributing to nephromegaly. The three treated rats most severely affected with renal enlargement and convoluted tubular epithelial vacuolation also had convoluted tubular necrosis. Since necrosis has not been reported in other trisodium nitrilotriacetate studies, the possibility must be considered that it is an indirect effect. Hypoxemia resulting from pressure on veins and capillaries exerted by pelvic dilation and cortical parenchymal swelling may have caused, partially or entirely, the development of necrosis. Other nonproliferative test-related renal alterations, including induction or exacerbation of spontaneous age-related glomerulonephrosis-type lesions are considered nonspecific and secondary in occurrence. Systemic gross evidence of trisodium nitrilotriacetate toxicity was a 45% decrement in body weight gain. Feed consumption and feed conversion efficiency were similarly altered in direct proportion to the decreased growth. The degree of renal disease was directly proportional to the decrease in growth, feed consumption, and feed conversion. Morphologic evidence of injury does not occur in any non-urinary tract tissue from trisodium nitrilotriacetate-treated rats [6].
To place the dosage level used in this short-term study and in the National Cancer Institute's Bioassay in perspective, extensive environmental monitoring in Canada, where trisodium nitrilotriacetate monohydrate (which is biodegradable) has partially replaced phosphates in detergents, has shown only a few parts per billion in fresh water [5] . Toxicologists estimate that the 2% dietary trisodium nitrilotriacetate represents a 20-million-fold exaggeration of the anticipated potential human exposure from drinking water.
In the Charles River rat, 2% trisodium nitrilotriacetate monohydrate in the diet markedly exceeds the maximum tolerated dose and induces significant nephrotoxicity, creating grossly abnormal conditions. Chronic administration of the dose inducing these abnormal conditions results in urinary tract epithelial neoplasia as recognized in the National Cancer Institute's Bioassay. Results of our study suggest that there are prerequisite toxic effects that must occur if epithelial proliferation is to ensue.
We hypothesize that the focal hyperplastic lesions seen in the renal cortex and pelvis in this study presage the appearance of the tubular adenomas and adenocarcinomas and the transitional cell carcinomas that occurred in the National Cancer Institute's Bioassay where the insult was continued for an 18-month or two-year period. If these foci can be shown to be sites for tumor formation, and if these toxic events occur in those species developing trisodium nitrilotriacetate-associated urinary tract tumors, we then will have demonstrated valid short-term markers for more basic mechanistic studies and for safety assessment dose-response studies.
